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Aligned f i e l d s ,  msgneto-fluid dyr,ariZc drag measurenents 

\ w i t h  l a rge  in t e rzc t ion  p r a e t e r  

_- 

G. YOKAS 

J e t  Propulsion Laboratory, Pasadena, Cal i forn ia  

The drag of spheres and d i s k s  has been zeasured i n  a flow of l i qu id  sodium 

within an al igned magnetic f i e l d .  A s l i g h t l y  viscous, s t rong  f ie16  l i m i t  

i s  discussed and explored experimentally. 

w a s  found t o  have an asymptotic dependence proport ional  t o  t h e  square root 

of t h e  i n t e r a c t i o n  parameter ( the  r a t i o  of magnetic t o  i n e r t i a l  force,  i n -  

depenaent of body shap . 
v e r i f i c a t i o n  of i t s  bas ic  c h a r a c t e r i s t i c s .  

I n  t h i s  l i m i t  t he  drag coe f f i c i en t  1 

' 

Ir 
A physical  Eodel i s  presented along w i t h  preliminary 9 

- 
~~ 

1. Ia t roduct ion  

Although t h e  problem of a l igned f i e l d s  magneto-fluid dynaaic (&FD) flow 

\ 
p a s t  bodies  has received much a t t e n t i o n  from applied mathematicians i n  t h e  

last  t e n  years,  t h e r e  has been a general  lack of ezphasis on phys ica l ly  
I 

r e a l i s a b l e  cases.  

and p a r t l y  due t o  t h e  l imi ted  i n t e r e s t  and success of t he  experimenters theinselves. 

This s i m a t i o n  has been p a r t l y  due t o  a n a l y t i c a l  d i f f i c d z i e s  

The s teady  dimensionless equations for a viscous incompressible conducticg flow 

are 
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' I  
where 1 = LT'/Vo - , P = (PI- Po)/Vo2~ , X = X /d , E = 3' /20 

and N = $ U d / P V o  , t h e  in t e rac t ion  parmeter; 

Reynolds number; and 

Although these nonlinear coupled equations have nor; been solved f o r  a r b i t r a r y  

values of the  t h r e e  parameters, various l i m i t i n g  cases have been considered 

i n  g r e a t  detail.  

R e  = Vo d / l )  , t h e  

b = G A V o d  , t h e  uz-ietic Reynolds nuiber. .  

To date such problems have shed l i t t l e  l i g h t  on phys ica l ly  

r e l evan t  problems but  have i n  many cases served t o  d i r e c t  t h e  a t t e n t i o n  from 

then. 

It i s  important t o  consider t h e  c o q l i n g  of' t h e  equations under 

arbitrary conditions;  Van Blerkom (1960) and Gourdine (1961) have studied 

t h i s  by considering an Oseen-type app-oximation. This y i e l d s  two r o t a t i o n a l  

v e l o c i t y  per turba t ion  modes Ul,2 s a t i s f y i n g  (V 2 - 3[1,2) ul,* = o , 
, two e f f e c t i v e  Reynolds nmbers,  are giveh by -11 R e  + ~e W 1 - k  - 2 where a,,, 

c'1 f 2 )* - 4 Ihii Re (1 - h)j  'J. 
3 \.L 

Table 1 shows t h e  aFproximate values of t h e  p a r m e t e r s  which a2pea r . i n  , 

under reasonable labora tory  conditions. 

Tzble 1 

Vo = .SO m/sec , Bo = 1 web/m, 2 , 'd = . O j m  

N a  (135OC) NaK (2OoC) Hg (2OoC)  

Rm .07 .02 .006 

Re 8,000 6,000 40,000 

N 200 70 2.0 

One f i n d s  t ha t  h /Re  

and tha t  X/Re 

perimznt only w i t h  g r e a t  d i f f i c u l t y .  

, a mater ia l  p o 2 2 r t y ,  i s  always nuch less r;km one, 

, t y p i c z i l y  qu i t e  small, can be made - 1 i n  an  a c t u a l  ex- 

The one r a t i o  t h a t  can be var ied  over 
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r l  

a w i d e  range i s  I?/Rn = B,/J?LcV, 2 2  t h e  squire  of' t he  r z i t i o  of t n e  Alfven / 

speed t o  t h e  free stream speed. For S/Raccl , super-Alfv&ic,A = h, Re, 

both mades give downstrem wakes ,  and s ince 8z<1 
1 9 2  

i n  t yp ica l  experiments, 

t he  dominant mode i s  the ordinary viscous wake. We expect t h a t  i n  such a 

case t h e  flow would only be s l i g h t l y  modified, i f  a t  a l l ,  by NFD e f fec t s ,  

and i s  of l i t t l e  i n t e r e s t .  

On t h e  o the r  hand, f o r  N/Rn>>l , sub-Alfvgnic, s t rong efi'ects do 

occur and f a l l  i n t o  two classes depending on t h e  value of N/Re . For 
1 

= -(me)*, 1,2 . N / R e > > l  , a c l e a r l y  non-physical linit, 

symmetric magneto-viscous wakes ex is t ,  and Chester (19611, Chang (19631, and 

Childress (1963) have considered the problem i n  d e t a i l .  The o ther  c l a s s  of 

sub-dfvenic  flows, K/xe<<1 

If N<<1 the  forward wake i s  very d i f fuse ,  the  per turbat ions from p o t e n t i a l  

i s  physical ly  meaningful and y i e lds  2 = -N,+Re. 
1,2 

flow ups~ream are small, ac2 regiler per turba t ion  rcethods 'mve been successful  

i n  t r e a t i n g  such problems (3e i t z  and  Foldy (1961)). On the o the r  hand, f o r  

N>>1 , l a r g e  per turbat ions e x i s t  wi th in  the concentrated forward wake. 

The present  work i s  concerned p r inc ipa l ly  w i t h  t h i s  case f o r  which ne i the r  a 

s a t i s f a c t o r y  t h e o r e t i c a l  treatment,  nor  Trevious experiments e x i s t .  

If w e  f u r t h e r  consider t h e  l i m i t  N-+ e~ , Re- c.0, t h e  Oseen ana lys i s  

yields sim9ly A/&i(U >=O. The statement then  t h c t  per turbzt ion quan t i t i e s  

are indeperident of t h e  coordinate along t h e  applied f i e l d  i s  analogous t o  t ha t  

1 9 2  

of t he  Taylor-Proudman theorem which app l i e s  t o  the case of s t rongly ro ta t ing ,  

s l ight ly  viscous flow. The analogy has i n  the  pas t  been l i m i t e d  t o  t h e  case 

of i n f i n i t e  conductivity,  Chandrasekhar (l$l), but  the above l i m i t  f o r  f i n i t e  

conduct iv i ty  and s t rong f i e l d  y ie lds  the same conclusion. Therefore one would 

expect stagnant s lugs  s imi l z r  t o  the. "Taylor Colunn" t o  fora .  



Licpmnxin, Kxili,, :mi Ahlstrom (2.360) described u-?successful atzes3ts 

t o  neasure t h e  drag of f r e e l y  r i s i n g  s-&eres I n  a tank of mercury wi th in  a 

solenoid. 

i s t ence  of t h e  forward wake ,  bu t  f o u d  t h a t  wall e f f e c t s  were dominant f o r  

N S l  . 
similar f a c i l i t y  using l i q u i d  sodium, f ind ing  a marked increase  i n  drag f o r  

Ahlstrom (1962),  using the saxe f a c i l i t y ,  deinonstrated the  ex- 

Y m o r t h y  (1962) measured the  dreg of spheres f z l l i n g  wi th in  a 

s t rong  f ie lds .  H i s  work, however, can only be considered q u a l i t a t i v e l y  due 

t o  var ious  experimental d i f f i c u l t i e s  he encountered ( p r i v a t e  communication). 

Motz (1965) measured the  drag of a nonconducting sphere undergoing small 

amplitude o s c i l l a t i o n s  i n  a container of mercury within a solenoid f o r  the 

case N < 1  and found good agreement wi th  a l i n e a r  i nv i sc id  ana lys i s .  

Tne goal of t h i s  experiment was  t o  nieasure t h e  drag of bodies =der a 

w i d e r  range of N than  has been previously considered. To do t h i s  a s t r a i n  

gauge drag balance and w i r e  suspension system were used i n  t he  Jet  Propulsion 

Laboratory sodium flow facil i ty.  

2. Experiment 

The sodium flow f a c i l i t y ,  which i s  s i m i l a r . t o  an ord inary  water t unne l  

i n  i t s  bas i c  c h a r a c t e r i s t i c s ,  has been described i n  de t a i l  by h m o r t h y  (1961). 

Liquid sodium i s  c i r c u l a t e d  i n  a closed loop which i s  maintained at a t e m p  

erature of 135 C. and t h e  flow r a t e  i s  neasured w i t h  a conventional crossed 

f i e l d  flow meter. 

0 

The tes-c section, (Fig. l), i s  surrounded by an oil-cooled 

solenoid which provides a f i e l d  uniform t o  wi th in  3 over ?CY$ of i t s  length.  

An'entrance nozzle i s  employed t o  ,mininize t h e  cu r ren t s  and v o r t i c i t y  which 

are induced as t h e  f l u i d  erters t h e  f r i n g e  f i e l d .  

t es t  s e c t i o n  has been studied for var ious ' f low and f i e l d  conditions using a 

The flow f i e l d  wi th in  t h e  

conventional p i t o t  tube  technique. Kuworthy (1967.) Ciscusses the  s u i t a b i l i t y  

and l i m i t a t i o n s  of t h e  use of t h i s  facility' f o r  s t u d i e s  of flows p a s t  bodies. 



5 

He concludes t h a t  the  flow f l e l d  i s  s u f f i c i e n t l y  u n i f o m  t o  permit measurccents 

within the  range of conditions enployed here, 

and 

90 cm/sec 4 Vo < 13CO c;?l/sec 

Bo < .TO web/m2 . 
The tes t  bodies were suspended from three tungsten rhenium wires which 

pass through 1/16" holes i n  t he  tes t  sec t ion  w a l l  , in to  a chamber where they 

a r e  a t tached  t o  three aluminum beams. A temperature conpensated s t r a i n  gauge 

bridge composed of matched encapsulated f o i l  gauges i s  attached t o  one of t he  

beans. The chamber i s  packed w i t h  s i l i cone  grease t o  dams beam o s c i l l a t i o n s  

and t o  p ro tec t  the gauges. The balance i s  dead weight ca l ib ra t ed  before and 

after each run a t  t h e  opera t ing  tem2erature which i s  monitored by a therno- 

couple a t tached  t o  one beam. 

The material p rope r t i e s  f o r  sodium a t  t h e  operating temperature were 

found by in t e rpo la t ion  from d a t a  appearing i n  the  Liquid Xeta ls  Fandbook (1955). 
3. 7 They are as follows: J" = ,918 x 10 Xg/n3 , 0 = . . pU  x 10 mho/m ,y$ = .575 

x Kg/m sec . This gave t h e  following ranges of the. three paraineters: 

4 4 
0 < N <  80 , 10 4 Re < 25 x 10 , .10 < Bu < 2.50 . The following config- 

u r a t i o n s  were u t i l i z e d :  .5OO-in. sphere, .5OO-in. disk, and .750-in. sphere 

w i t h  .OlO-in. suspension wires, and .25O-in. sphere, .5OO-in. s2here w i t h  

.OO5 -in. wires. 

I n  c a l c u l a t i n g  t h e  body drag coe f f i c i en t  we must sub t r ac t  the  wire drag 

from t h e  t o t a l  fo rce  measured. 

not a f f e c t e d  by t h e  f i e l d  and used values for t h i s  quan t i ty  g i v e n . i x  SckJichting 

(1960). This w a s  based on the  assmp-cion t h a t  t h e  separsted ?low p a s t  the wires 

would not be measurably affected f o r  

condi t ion  w a s  maintained throughol;t, and the  assumption w a s  s q p o r t e d  by %he 

measurements themselves. 

W e  a s s u e d  that the  wire drag c o e f f i c i e n t  was 

N , based on wired  diameter, & 1 . This 
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The drag balance, alzhough d e s i g x d  as a sceady device, a l s o  served 

The unszea6.y comgonent of the t o  ind ica t e  the  unsteadiness of t h e  w a k e .  

f o rce  w a s  amplified and recorded on EZ o s c i l l o g r a ~ h  but no a t t e q t  vas made 

t o  separa te  t h e  unsteady drag and l i f t ,  o r  t o  quant i fy  t h i s  measurement. 

3. Results and Discussion 

Figure 2 shows the  drag coe f f i c i en t ,  CD , of the  spheres p lo t t ed  as 

a function of t h e  i n t e r a c t i o n  pa rme te r ,  N . It appears that, for a given 

d/D , where D i s  tunne l  diameter, CD i s  only a func t ion  of N end t k a t  

weak and s t rong  f i e l d  regimes e x i s t .  For 0 < N < 1 , I’?/S?n 1 , t he  CD 

remains r e l a t i v e l y  uchanged, and the  po in t s  a t  t h e  l e f t  of each graph i n -  

dicate the s c a t t e r  i n  the  measured value of 

CD 

va lue  t o  

i n v e s t i g a t o r s  f o r  the  range 10 < Re < 25 x 10 . One can concli;de th& 

CD‘ f o r  B = 0 . The no-field 

increases  wi th  d/D , due t o  blockage cons t r a in t ,  and the extrapolated 

d/D = 0 , CD = .40 , agrees w i t h  t he  experimental. data of previous 
4 4 

ord ina ry  separated flow dominates t h e  smll 

f o r c e s  have a neg l ig ib l e  effect. 

N r e g b e  and t’hat m g n e t i c  

We nus t  po in t  ou t  t h a t  t h i s  we& f i e i d  regime i s  not well defined i n  

terms of the  conditions given e a r l i e r  s ixce  both B and N/Rm a r e  of the  

o rde r  1 o r  smller. 

for K / h  l a r g e  as N alone va r i e s  through 1, and t h i s  has beer, done by 

YDtz who found t h a t  w a s  lC$ lower t’m the p o t e n t i a l  flow p red ic t ion  

It i s  des i r ab le  t o  lnves t iga t e  the’behavior  of CD 

CD 

f o r  N -.lo . 
The i n t e m e d i a t e  range, 1 < N < 10 , N/Iim2Z 1 , shbwed no siEgle -power 

l a w  dependence on N and i s  l i k e l y  t o  be charac te r ized  by both  biFD and 

o rd ina ry  separated flow e f f e c t s  be ins  i r q o r t a n t .  Although t h i s  range nay 

con ta in  several i n t e r e s t i n g  a s p x t s ,  it i s  doubtful t h a t  any sixFle phys ica l  
I 

p i c t u r e  w i l l  be s u i t a b l e  i n  understanding them. 
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The s t rong  f i e l d  regime, N/Rm >> 1 IJ 710 i s  we l l  ,defined and 
I 

gave CD propor t iona l  t o  (N)'- . We again noted t h e  e f f e c t  of blockage 

cons t r a in t  aqd we  may a s s m e  t h a t  it has t h e  s i a 2 l e  e f f e c t  of increas ing  

t h e  effeczive v e l o c i t y  which should be used i n  ca l cu la t ing  t h e  appropriaze 

nondimensiocal p a r m e t e r s .  Tnis would then  p red ic t  tha t  CD< (1 - - d2)3/2 
1 D2 

( N)S . 
t o  d/D = 0 gave CD = .33 ( and t h i s  i s  ind ica ted  by t h e  s o l i d  l i n e  

i n  t h e  f igu re .  

s t rong ly  implies t h a t  t h e  wake spreads so slowly so a s ' n o t  t o  i n t e r a c t  with 

t h e  walls and t h a t  end e f f e c t s  are not important. 

f i n i t e  l eng th  of t h e  t es t  section, would presumably have 8n increas ingly  

im2ortant e f f e c t  as N i s  further increased. 

The results of such a correctior! i s  shown i n  Fig. 3. An ext rapola t ion  
1 

The s u i t a b i l i t y  of a sim3le s o l i d  body blockage cor rec t ion  

The la t ter ,  due t o  t h e  

I n  order  t o  inves t iga t e  t h e  e f f e c t  of' body shape, t h e  drag ~f a 0.500-in. 

d i s k  wi th  .OlO-in. suspension w i r e s  w a s  xeasured, and t h e  results a r e  shown 

i n  Fig. 4 t oge the r  wi th  that  f o r  t he  0.500-in. sphere: The no-field case 

shows a considerable blockage, bu t  agrees we l l  wi th  a p a r t l y  empirical  

co r rec t ion  given by Maskell (1963), which includes t h e  e f f e c t  of t h e  wake 

i n t e r a c t i n g  wi th  t h e  tunne l  w a l l .  

h t  cD does i n  fact decrease s l i g h t l y  f o r  l & H  $10 . Tfie f i e l d  i n  t h i s  

i n t e m e d i a t e  range seems t o  have t h e  effect of reducing t h e  wake blockage 

wi thout  appreciably a f f e c t i n g  t h e  o v e r a l l  drag. For N 7 l O  , t h e  d i s k  CD 

i s  very c l o s e  t o  t h a t  of t h e  sphere and t h e  sane asymptotic dependence i s  

reached f o r  N 7  20 . 

Again t h e r e  i s  l i t t l e  e f f ecz  Tor N < 1 , 

Although no attempt was made t o  obtz in  quan t i t a t ive  informazion concerning 

wake s t a b i l i t y ,  c e r t a i n  observations of t h e  unsteady fo rce  compozent were mde. 

There were ind ica t ions  t h a t  r e l a t i v e l y  weak f i e l d s  (- .30 web/m*) were ab le  



t o  completely dam9 t h e  dominant frequencles which had ex i s t ed  witiloxt an 

applied f i e l d .  

noted conosc i l l a to ry  w a k e  behavior for X d . 5  . 
of turbulence due t o  an  aligned f i e l d  w a s  noted by Glo3e (1961), who s tudied  

a tu rbu len t  pipe flow of mercury within a solenoid. 

observed unsteadiness again f o r  f i e l d s  g r e a t e r  than 

dominant frequency w a s  seen t o  decrease xonotonicelly as the  magnetic f i e l d  

w a s  f u r t h e r  increased. 

l a t i o n s  w a s  qu i t e  sinall and dropped from a value of a&oximately .Og at 

Similar r e s u l t s  were o'axiRed by Ifkxworthy (1962),who 

I n  addition, t h e  su2pression 

On t h e  o the r  hand, w e  

.50 web/m2 and the 

The Stroukial nuaber, S , of these s t rong  f i e l d  o s c i l -  

.50 web/m2 t o  .03 a t  .70 web/m 2 . 
These low frequency o s c i l l a t i o n s  appeared when t h e  steady drag and 

p r e s m b l y  t h e  wake  structure were considerably d i f f e r e n t  from tha t  w i t h  no 

f i e l d .  It i s  poss ib l e  t h a t  long waveleng-ch d i s tu rba rces  were s e l e c t i v e l y  

amplified i n  the wakes, bu t  d e t a i l e d  iaeasi;i-e;;iznts of f l u c t m t i n g  v e l o c i t y  

o r  magnetic f i e l d  per turba t ion  would be needed ' to  understand t h i s  result. 

There w a s  a d e f i n i t e  t r e n d  toward lower va lues  of S w i t h  increas ing  f i e l d ,  

but no obvious dependence of S was  found on N i t s e l f .  Since CD depended 

s o l e l y  on 

no t  a c o n t r o l l i n g  f a c t o r  i n  determining t h e  steady drag. 

N , f o r  a given body, we conclu2ed t h a t  the unsteady conponent was 

1 

W e  were able t o  f i n d  a simple drag l c w ,  CD=( ioz independent of body 

shape, under the  l i m i t i n g  conditions 

Re>> 1 . 
a n a l y t i c a l  so lu t ion ,  bu t  w e  have been una3le t o  accoxplish t h i s .  

however, p resent  a phys ica l  model which involves steady flow and conta ins  the 

above result. 

N/fim>> 1 , K/Re << 1 , and N 77 1 , 
T h i s  s l i g h t l y  viscous, strong f i e l d  liait should be amenable zo an 

We shal l ,  

W e  can understand the f a c t  t h a t  CD w a s  ir,deFe:;dent of bGdy shz2e and 

t h e  c o r r e l a t i o n  w i t h  a simple so l id  3 ~ d y  blockage cor rec t ion  i f  we consider 

.- 
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t h e  body t o  be surrounded by slender,  rela-cively s tagncr t ,  comta i i t  

pressure regions which a r e  themselves selsarated fron t h e  ou te r  flow 

by t h i n  d i s s ipa t ion  l aye r s .  

Childress, bu t  required t h a t  the  l a y e r  t h l c h e s s ,  d be N - 2  and 

p ~ o ( l )  , so t h a t  C D - o ( l )  . Such a model i s  not unique and o the r  

s ca l ing  l a w s  could apply which would agree wi th  t h e  experimental result 

Such a model w c s  suggested i n  p a r t  by 
1 

t h a t  C D 4 (  N)5 . 
Yonas (1966) has proposed t h a t  t h i c k e r  l a y e r s  permi t t ing  l a r g e r '  

t r ansve r se  v e l o c i t i e s  could exist ,  and t h z t  a cons i s t en t  model explaining 

t h e  measured CD i s  given by d - N - F  and , P-O(N2-) 

equations can be solved t o  within two a r b i t r a r y  func t ions  and although a 

higher order  expansion was suggested t o  reraove t h e  indeterminacy, t h i s  

has yet  t o  be done. 

behavior of t h e  Bernoulli  func t ion ,  H = P + v /2 
i n  t h e  inv i sc id  l i m i t  1.VH = -N( VXB - ) . Since t h e  Bernoulli  

1 1 . The r e s u l t i n g  

Tanada (1962) has derived an expression f o r  t h e  
2 . This  becoaes 

2 

func t ion  can only be reduced along a s t r e a i c e  by Joule loss,  and s ince  

CD inc reases  as N2 above 1.0, t he re  mus?; be a l a r g e  suc t ion  on t h e  down- 

stream side of t h e  body, t h e  Bernoulli function changing from a l a r g e  negative 

value wi th in  t h e  downstream s lug  t o  t h e  free-stream value across  t h i s  l aye r .  

It i s  a l s o  conceivable t h a t  t h e  l a r g e s t  p a r t  of t h e  t o t a l  d i s s ipa t ion  i n  

t h e  flow would occur w i t h i n  t hese  l aye r s  permi t t ing  one t o  ca lc i l la te  t h e  

- - 

drag  from a simple energy balance. 

of such a model, o r  an experimental v e r i f i c a t i o n  using pressure and magnetic 

probes, i s  required. 

A so lu t ion  incorporating t h e  aspec ts  

Fur the r  v e r i f i c a t i o q  of t h i s  " s l ~ g ' '  behavior has been found i n  a separa te  

. experiment using a tank of sodium potassium e u t e c t i c  wi th in  a u n i f o m  f i e l d .  
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For 

surface and wi th  t h e  body rouglLy 10 d laxz te r s  frm It, ‘En u p m l l i n g  within 

t h e  a r e a  subtended by t h e  body w a s  noted. 

w a s  observed wi th  t h e  d i sk  moving away from t h e  surface. 

t h e  usefulness of a tow tank f a c i l i t y  f o r  the study of 

i s t e n c e  of weakly damped Alfvin waves 

4. Conclusion 

N as l a r g e  as 600, a d i sk  w a s  noved ’within t h e  tenk to7,raI-d ;he f ree  

A downwelling of t h e  sane s i z e  

This deaonstrated 

N flows, t h e  ex- 

and of a concentrated forwsrd wake. 

A neasureaent of  t h e  drag c o e f f i c i e n t  of spheres and d i sks  over a 

wide range of M has been ca r r i ed  out. We fomd a s i r q l e  drag l a w ,  
I 

CD e N’ independent of body shape, ccrrespondlng t o  t h e  l i m i t  

N/Re CC 1 , 
N / b  721 , 

N >> 1 , R e  >> 1 . A phys ica l  model ex2laining such a result 

was presented which involved slender, r e l a t i v e l y  stagnant regions which ’ 

increase  i n  l eng th  as N i s  increased, and preliminary observations of 

t h i s  phenonienon were described. 

This work, ca r r i ed  out a t  t h e  Jet Propulsion Laboratory, w a s  su’onitted 

i n  p a r t i a l  f u l f i l l m e n t  of t h e  requirements for t h e  degree of Docxor of 

Philosophy i n  Engineering Science, CalifoTnia i n s t i t u t e  of Technology. 

I would l i k e  t o  g r a t e f u l l y  acknowledge t h e  guidance of Prof. H. W. Liepmann 

and Dr. T. 1”vIaXworthy i n  t h e  conducting of t h i s  research. I would a l s o  l i k e  

t o  thank E. Coury and D. G r i f f i t h  who provided a s s i s t ance  i n  the cons t ruc t ion  

and ca r ry ing  ou t  of t h e  experiments. 
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Fig. 1 

Fig. 2 

Fig. 3 

Fig. 4 

FIGURE CAPTIONS 

Drag balance t e s t  sect ion.  

Drag coe f f i c i en t  vs in t e rac t ion  p a r m e t e r  f o r  spneres. 

Sphere drag coe f f i c i en t  corrected for blockage vs in t e rac t ion  

pa rme te r .  

o 0.125 
A 0.250 
0 0.375 

Disk drag coe f f i c i en t  vs i n t e r a c t i o n  pa rme te r .  

1 
(N Re)Z 

x 0 
A 297 

0 789 
0 1127 

0 505 
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